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Abstract 
 
This work presents the finite element analysis of partially stiffened cylinders subjected to axial compression at elevated 
temperatures. The compressive strength is calculated for self-weight conditions and the influence of the temperature 
on the material response is also investigated. In the oil industry, pressure vessels are commonly used operating at 
complex design conditions such as high-pressure profiles and/or elevated temperature gradients which affect 
considerably the structural response of inner components. Among them, risers become sensitive steel elements 
withstanding heavy compressive loading due to self-weight, as well as, insulation elements added to protect them from 
the elevated temperature gradient. Most risers structurally fail at the bottom end due to buckling caused by self-weight 
and temperature effects. To remediate this situation and to guarantee the integrity of the riser, longitudinal stiffeners 
are welded at the bottom end. Hence, a proper determination of the compressive strength of the cylinder, taking into 
account the influence of the longitudinal stiffening and the corresponding temperature, is required. Results indicate 
that the use of longitudinal stiffeners in deformed cylinders increases the strength to buckling in percentages that vary 
according to the cross-section of the profiles. 
 
Keywords: compressive strength; stainless steel; finite element analysis; elevated temperature; longitudinal stiffening. 
 
Resumen 
 
Este trabajo presenta el análisis de elementos finitos de cilindros parcialmente rígidos sometidos a compresión axial a 
temperaturas elevadas. La resistencia a la compresión se calcula para las condiciones de peso propio y también se 
investiga la influencia de la temperatura en la respuesta del material. En la industria del petróleo, los recipientes a 
presión se utilizan comúnmente para operar en condiciones de diseño complejas, como perfiles de alta presión y/o 
gradientes de temperatura elevados que afectan considerablemente la respuesta estructural de los componentes 
internos. Entre ellos, los raisers se convierten en elementos de acero sensibles que soportan una carga alta de 
compresión debido al peso propio, así como, elementos de aislamiento agregados para protegerlos del gradiente de 
temperatura elevada. La mayoría de los raisers fallan estructuralmente en el extremo inferior debido a la deformación 
causada por el peso propio y los efectos de temperatura. Para remediar esta situación y garantizar la integridad de la 
tubería vertical, los refuerzos longitudinales están soldados en el extremo inferior. Por lo tanto, se requiere una 
evaluación adecuada de la resistencia a la compresión del cilindro, teniendo en cuenta la influencia del refuerzo 
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longitudinal y la temperatura correspondiente. Los resultados indican que el uso de refuerzos longitudinales en 
cilindros deformados aumenta la resistencia al pandeo en porcentajes que varían de acuerdo con la sección transversal 
de los perfiles. 
 
Palabras clave: resistencia a compresión; acero inoxidable; análisis de elementos finitos; temperatura elevada; 
rigidización longitudinal. 
 
1. Introduction 
 
In recent years, in oil refineries, there have been several 
failure reports regarding the risers in pressure vessels and 
reactors. These failures are characterized by local 
deformations at the bottom of the riser (see Figure 1) due 
mainly to two effects: the self-weight of the structural 
component combined with a corresponding insulation 
layer and the elevated operating temperatures. 
 
Thin-walled cylindrical members may undergo local 
deformations because of local buckling [1]. Timoshenko 
[2] conducted pioneer works describing the behavior of 
structural elements under compressive loads. Koiter [3] 
investigated the influence of initial geometric 
imperfections on the ultimate strength of thin-walled 
members. Thereafter, previous studies [4]–[6] used shell 
theory to investigate the critical buckling load of 
cylindrical members. Other studies [7]–[10] have dealt 
with the effect of non-uniform loading and geometric 
initial shape imperfections. Amazigo [11] varied the size 
of the initial shape imperfections, Arborcz [12] measured 
the actual imperfection distribution of stiffened 
cylindrical shells, and Chryssanthopoulos et al. [13] 
proposed mathematical models based on regression 
analyses for these imperfections. Temperature effects 
were also analyzed by [14]–[16], leading to a closer 
approximation between experimental values and 
theoretical predictions for the critical and ultimate loads 
of cylindrical members.  
 
 
Figure 1. Typical deformation patterns at the riser 
bottom. Source: The authors. 
 
It is well known that the compressive strength of 
structural members can be increased by using 
longitudinal and inner stiffeners [17]–[19]. When a riser 
integrity assessment indicates a premature failure, the 
situation is usually solved by welding longitudinal 
stiffeners at the bottom. Hence, the riser remains partially 
stiffened until full replacement. This situation has 
received little attention in the technical literature. 
Therefore, this paper presents a numerical investigation 
of the ultimate compressive strength for partially 
stiffened cylinders. The research is conducted in two 
stages. One dealing with linear buckling analysis to 
investigate the effect of the initial geometric 
imperfections (shape and size). This methodology is 
validated with analytical formulas available in the 
literature. A second stage deals with the nonlinear finite 
element analysis of the stiffened cylinder taking into 
account both initial imperfection and temperature effects 
on the elastoplastic behavior of the material [20]. The 
results show the enhancing effect of the stiffeners on the 
compressive strength of the risers and the detrimental 
effect on the buckling resistance of initial imperfections 
and high temperatures. 
 
2. Eigenvalue analysis 
 
In order to model the initial shape imperfections, a linear 
eigenvalue analysis is performed to obtain the critical 
buckling loads and corresponding buckling modes [18], 
[21]. The analysis is conducted using the Finite Element 
(FE) software ABAQUS [22]. Shell elements S9R5 from 
the ABAQUS element library were used to model 
cylindrical members. This element type was also used by 
[23]–[25], among others, they have five degrees of 
freedom (three displacement components and two in-
surface rotation components), and is an economical shell 
element recommended for thin bodies and buckling. 
Figure 2 shows a schematic view of the cylinder element 
considered in this work. 
 
Figure 3 presents the numerical model and illustrates the 
boundary conditions employed. In order to introduce the 
self-weight of the component, an equivalent body load 
q=13,286 kg/m3, acting in the longitudinal direction, is 
considered. Regarding boundary constraints, all six 
degrees of freedom at the bottom of the cylinder were 
restricted, representing a fully fixed condition. 
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Figure 2. Geometry of the cylinders. Source: The 
authors. 
 
 
Figure 3. Applied loads and boundary conditions. 
Source: The authors. 
 
Table 1 lists the models and geometries used in the 
analysis, where 𝑡 is the thickness, 𝐷0 is the diameter, and 
𝐻 is the height. A total of 12 models are included. These 
models cover most riser geometries used in the oil 
refinery industry. For each geometry, the first three 
buckling modes are calculated, while only the critical 
buckling stress for the first mode is determined.  
 
Table 1. Geometrical dimensions of the models used in 
the parametric analysis 
Model 
t 
(mm) 
Do 
(mm) 
H 
(mm) 
Do /t H/Do 
1 6.35 1270 1270 
200 
1 
2 6.35 1270 2540 2 
3 6.35 1270 3810 3 
4 6.35 1270 5080 4 
5 12.70 3810 3810 
300 
1 
6 12.70 3810 7620 2 
7 12.70 3810 11430 3 
8 12.70 3810 15240 4 
9 25.4 5080 5080 
400 
1 
10 25.4 5080 10160 2 
11 25.4 5080 15240 3 
12 25.4 5080 20320 4 
Seung and Chang [23] proposed Eq. (1) to estimate the 
buckling stress of cylindrical members. Table 2 shows a 
comparison between the critical buckling stress 
calculated with Eq. (1), and the computed results 
obtained using the numerical model. Numerical results 
show good agreement with those obtained using Eq. (1) 
with a maximum difference of approximately 2%. 
Theoretical predictions were calculated assuming a 
Young’s modulus E = 140 GPa, adjusted based on a 
temperature of 704 C (see Table 3). For the FE models, 
a Poisson’s ratio, , of 0.3 and an equivalent mass 
density, 𝜌, of 13286  kg/m3, considering the steel and 
insulation layer of the member, were used. 
 
𝜎𝑐𝑟
𝐸
= 1.28 (
𝐻
𝐷0
)
−0.0256 𝑡
𝐷0
 (1) 
Table 2. Comparison between theoretical and computed 
critical stresses 
Model cr Eq.(1) 
(MPa) 
(a) 
cr FEM 
(MPa) 
(b) 
(a)/(b) 
1 832.69 849.00 1.01 
2 818.05 845.48 1.03 
3 809.60 818.01 1.01 
4 803.66 802.79 1.00 
5 555.13 561.67 1.01 
6 545.36 558.31 1.02 
7 539.73 540.13 1.00 
8 535.77 532.02 0.99 
9 416.34 419.07 1.01 
10 409.02 412.44 1.01 
11 404.80 402.56 0.99 
12 401.83 397.07 0.99 
 
Table 3. Elastic moduli for a steel ASTM 240 type 
304H 
Young’s 
modulus 
Temperature (ºC) 
538 593 649 704 760 816 
1 × 106 psi 22.8 22 21.2 20.3 19.2 18.1 
1 × 109 Pa 157 151 146 140 132 125 
Source: ASME Code Section II Part D [26]. 
 
The deformations obtained from the buckling modes are 
normalized using the ratio between the displacement of 
each node and the maximum nodal displacement. Figure 
4 shows the shape of the first three buckling modes for 
Model 5, reported in Table 1. The estimates of the 
eigenvalues and the first three buckling modes for the 12 
models proposed are given by the convergence presented 
by the mesh for each one of them. In the models the 
number of nodes arranged circumferentially and 
longitudinally was increased, considering the results 
H
oD
t
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presented by [23], [25], according to which the load and 
buckling mode obtained by the numerical model for thin-
wall cylinders are affected to a greater degree by the 
number of finite elements arranged in the circumferential 
direction. 
 
 
Figure 4. Buckling modes for Model 5 (Do /t =300; H/Do 
=1): a) 1st mode, b) 2nd mode, and c) 3rd mode. Source: 
The authors. 
 
3. Ultimate strength analysis 
 
3.1. Elastoplastic material behavior 
 
The stress-strain behavior for most metals is described by 
the Ramberg-Osgood [27] relationship, which describes 
stress as an implicit function of total deformation. It has 
been established that for levels below the value of the 
yield stress, this function is highly consistent with the 
results obtained experimentally. However, for stress 
levels above the yield stress, the ratio tends to 
overestimate such stress. 
 
Recently, [28], [29] proposed a modification of the 
Ramberg-Osgood version, which significantly improves 
the prediction of the experimental behavior of the stress-
strain curve for the whole range of stresses. 
 
In this research, the behavior of the stress-strain curve for 
the ASTM 240 type 304H material is defined using the 
relationships established by [29]. To develop the 
deformation curves, the yield, 𝑆𝑦 and ultimate, 𝑆𝑢, 
stresses are required, as well as their corresponding 
strains. With these material properties, a number of 
constants are determined that are then substituted in the 
main equation that defines the elastic and plastic behavior 
of the material. 
 
Table 4 shows the properties required to define the 
behavior of a steel ASTM 240 type 304H. These 
properties are given in the Stainless Steels Handbook 
(1996). 
 
Table 4. Yield and ultimate stress and strain for ASTM 
type 240 304H 
Temperature 
T (ºC) 
Yield 
stress 
𝑺𝒚 
(MPa) 
Ultimate 
stress 𝑺𝒖 
(MPa) 
Ultimate 
strain 𝜺𝒖 
537.78 265.46 427.49 0.41 
648.89 213.75 324.07 0.58 
760.00 162.03 206.85 0.46 
871.11 112.39 118.59 0.48 
 
The relationships established by [29] are described as 
follows: 
 
𝑒 =
𝑆𝑦
𝐸
 (2) 
𝑛 =
1
0.0375
[1 −
𝑆𝑢
𝑆𝑦
(0.2 + 185𝑒) + 5] (3) 
𝜀0.2 =
𝑆𝑦
𝐸
+ 0.002 (4) 
𝑟 = 𝐸
𝜀0.2
𝑆𝑦
 
(5) 
𝐸2 =
𝐸
1 + 0.002𝑛/𝑒
 (6) 
𝑟2 = 𝐸2
𝜀0.2
𝑆𝑦
 
(7) 
𝑝 = 𝑟
(1 − 𝑟2)
(𝑟 − 1)
 (8) 
𝜀𝑛𝑢 =
𝜀𝑢
𝜀0.2
 
(9) 
𝑟∗ = 𝐸2
(𝜀𝑢 − 𝜀0.2)
(𝑆𝑢 − 𝑆𝑦)
 (10) 
𝑚 = 1 + 3.5
𝑆𝑦
𝑆𝑢
 (11) 
𝐸𝑢 =
𝐸2
1 + (𝑟∗ − 1)𝑚
 (12) 
𝑟𝑢 = 𝐸𝑢
(𝜀𝑢 − 𝜀0.2)
(𝑆𝑢 − 𝑆𝑦)
 (13) 
𝑝∗ = 𝑟∗
(1 − 𝑟𝑢)
(𝑟∗ − 1)
 (14) 
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𝑆𝑛 = 
{
 
 
 
 
𝑟𝜀𝑛
1 + (𝑟 − 1)𝜀𝑛
𝑝   0 ≤ 𝜀𝑛 ≤ 1 
1 +
𝑟2(𝜀𝑛 − 1)
1 + (𝑟∗ − 1) (
𝜀𝑛 − 1
𝜀𝑛𝑢 − 1
)
𝑝∗
 
1 ≤ 𝜀𝑛 ≤ 𝜀𝑛𝑢
 
(15) 
 
𝑆𝑛 =
𝑆𝑖
𝑆𝑦
 
(16) 
where 𝑛 represents a non-linearity index, 𝑒 is a non-
dimensional proof stress, 𝜀0.2 is the total strain 
corresponding to the 0.2% proof stress, 𝐸2 is the tangent 
modulus, 𝐸𝑢 is the slope of the full-range stress-strain at 
𝜀 = 𝜀𝑛𝑢, 𝑆𝑛 is the normalized stress. 
 
Employing Eqs. (2)-(16) and taking the properties of 
Table 4, the curves shown in Figure 5 were constructed 
for a steel ASTM 240 type 304H, working within a 
temperature range equal to 540°C  T  815°C. 
 
 
Figure 5. Elastoplastic behavior of a steel ASTM 240-
304H under various temperatures. 
 
3.2. Geometrical model 
 
In this section, a nonlinear finite element analysis is 
conducted using the same element (i.e., S9R5) as used in 
the eigenvalue analysis. Initial shape imperfections were 
modeled with the first buckling mode obtained 
previously, and the maximum amplitude was normalized. 
Basically, the geometries are the same as reported in 
Table 1. For the calculations of the ultimate strength, the 
density of the cylinders was considered as 13286 kg/m3. 
It is significantly greater than the corresponding value for 
the steel due to the addition of an insulation layer, which 
does not contribute to the stiffness of the cylinder. In 
engineering practice, the cylindrical risers are stiffened 
only at the bottom. In a similar manner, the cylinders 
investigated herein were stiffened at only 10% of their 
total height. Figure 6 shows three representative 
deformed configurations for Model 7: unstiffened in 
Figure 6a, partially stiffened with ten stiffeners in Figure 
6b, and stiffened with 20 stiffeners in Figure 6c. Figure 7 
and Table 5 shows the geometry and dimensions, 
respectively, of the profiles used to stiffen the risers. The 
nonlinear finite element analysis was performed using 
the modified arc-length method [30] to properly trace the 
path of the load-displacement response of the cylinders. 
 
 
(a) unstiffened 
 
(b) 10 stiffeners 
 
 
(b) 20 stiffeners 
Figure 6. FEM model for the cylinders using the 1st 
buckling mode (Model 7). 
 
 
Figure 7. Profile HEA according to DIN 1025. (ASTM 
A – 6).  
Table 5. Dimensions of the HEA profiles 
Profile 
h  
(mm) 
b  
(mm) 
t 
(mm) 
s 
(mm) 
r 
(mm) 
100 96 100 8.0 5 12 
120 114 120 8.0 5 12 
140 133 140 8.5 5.5 12 
160 152 160 9.0 6 15 
180 171 180 9.5 6 15 
200 190 200 10.0 6.5 18 
220 210 220 11.0 7 18 
 
3.3. Model validation 
 
To evaluate the effect of the geometry of the stiffener 
element on the final buckling load, seven stiffened 
0
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cylinders with ten profiles were constructed from the 
geometry of the Model 8 defined in Table 1, considering 
the dimensions of the seven profiles presented in Table 
5. The main reason for the selection of Model 8 is the fact 
that it corresponds to the geometric conditions of the riser 
of El Palito Refinery, which is the unit that has presented 
the most problems of localized deformation. 
Additionally, a geometric disturbance was included for 
the first buckling mode, equivalent to 0.025 m (1 in) of 
deformation in the radial direction. 
 
Another aspect evaluated in the stiffened cylinders is the 
variation of the initial deformation present in the 
structures, considering the deformation of the cylinder as 
a perturbation of the geometry, which was included in the 
models through the first buckling mode. This sensitivity 
analysis was carried out for the Model 8 to determine the 
influence of the initial deformations on the ultimate load 
of the stiffened cylinders. The study was limited to a 
configuration of 10 profiles of type HEA 220 (see Table 
5) distributed in a uniform manner. 
 
Finally, with the numerical models defined, the influence 
of the temperature was evaluated by changing the 
mechanical properties of the ASTM 240 type 304H 
material. The considered temperature range corresponds 
to 593°C  T  816°C. 
 
Figure 8 shows the convergence analysis according to the 
critical buckling load and the maximum von Mises stress 
for Model 8. This analysis was conducted for the 12 
models described in Table 1. The mesh for each one of 
the models proposed in the parametric study was 
obtained through a convergence analysis. For mesh 
independence, several meshes were solved on each 
model in order to determine the load and buckling mode. 
The meshes were modified until the load, mode, and 
strain energy parameters showed small variation. 
 
4. Parametric analysis 
 
In this section, a sensitivity study is conducted 
considering the effects of: 
 
 Amplitude of the initial geometric imperfection. 
 Size and amount of profiles. 
 Shape of the geometric imperfections on the 
compressive strength of the cylinders. 
 Temperature. 
 
 
Figure 8. (a) Critical buckling load and (b) maximum 
von Mises stress for Model 8. 
 
4.1. Effect of the amplitude of the initial imperfection 
 
The effect of varying the amplitude of the deformation 
on the ultimate load in cylindrical structures stiffened 
with commercial profiles was evaluated in Model 8. A 
range of initial deformation comprised between 
6.35mmwo50.80mm in 6.35mm intervals was 
considered, starting from a uniform configuration of 10 
profiles. In Figure 9 we represent the results for the 
normalized ultimate load (
𝑞
𝑞𝑐
) vs. the displacement. It is 
observed that the behavior of the curves is very similar, 
that is, they are linear in the first place and as the load 
increases, the vertical displacements also increase until 
each one reaches the collapse load or ultimate load. After 
that point, the load begins to decrease while the 
displacement continues to increase. It is appreciated that 
in each curve the cylinder maintains some load capacity 
in the zone after the ultimate load. This load capacity 
decreases as the size of the initial deformation increases. 
 
 
Figure 9. Load-displacement responses for various 
imperfection amplitudes. 
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The results presented in Figure 9 agree with the studies 
by [12], in the sense that small perturbations in the 
geometry of the cylinders significantly impact the 
ultimate load. Arbocz [12] found that for amplitudes of 
imperfections that are on the order of a relative 
magnitude w/t = 4, the ultimate load reaches 39% of the 
theoretical load (load for a cylinder with perfect 
geometry). For the case under study, it was obtained that 
for an initial deformation of 5.08 cm (2 inches), with w/t 
= 4, the ultimate load decreases to 30% of the theoretical 
load (Table 6) Unlike the research carried out by [12], 
which considers that the stiffener web maintains its 
constant shape despite the initial deformations of the 
cylinders, this study considered that the web of the 
stiffening elements is modified such that the stiffener 
surface adapts to the deformed cylindrical surface. In this 
way, the model considers common practices performed 
during the repair process of the risers in the regenerative 
reactors of the refineries in Venezuela. 
Table 6. Influence of the initial deformations on the 
ultimate load 
Deformation w 
(cm) 
𝒒
𝒒𝒄
 
0.64 0.59 
1.27 0.54 
1.91 0.52 
2.54 0.49 
3.18 0.45 
3.81 0.39 
4.45 0.32 
5.08 0.3 
 
4.2. Effect of the size of the profiles 
 
The effect of the geometry of the stiffeners is evaluated 
in Model 8 (Figure 10). We consider seven commercial 
profiles type HEA and measure the effect on the ultimate 
buckling load. We use a uniform configuration of 10 
profiles and an initial deformation of 2.54 cm (1 in) 
(Figure 10b). 
 
 
(a) without stiffeners 
 
(b) with 10 HEA 180 
stiffeners  
Figure 10. First buckling mode for Model 8 
 
Figure 11 shows the results of the normalized buckling 
load vs. displacement for the HEA profiles. The results 
obtained indicate that the use of HEA type commercial 
profiles increases the ultimate load on deformed 
cylinders: For the case of Model 8, 49% of the theoretical 
load is required to reach the ultimate load on the 
unstiffened cylinder (Table 7). By adding the 
longitudinal stiffeners to the deformed model, an increase 
of up to 28.57% in the final buckling load is obtained 
when using HEA 220 type profiles (Table 7). 
 
 
Figure 11. Effect of the HEA stiffeners on the ultimate 
buckling load. 
Table 7. Ultimate buckling load in stiffened cylinders 
with commercial profiles type HEA 
HEA profile 
𝒒
𝒒𝒄
 
% load 
increment 
Unstiffened 0.49 0 
100 0.51 4.08 
120 0.52 6.12 
140 0.53 8.16 
160 0.57 16.32 
180 0.59 20.80 
200 0.6 22.44 
220 0.63 28.57 
 
From Table 7 we can conclude that the use of 
longitudinal stiffeners requires a careful selection of the 
dimensions of the profile to be used. Both the load 
requirements of the structure and the condition of the 
material must be taken into account, since the stiffening 
effect of some profiles can be overestimated. An example 
of this argument is represented by the small increase of 
4% in the ultimate load of a riser that presents an initial 
deformation of 0.025 m (1 inch) and that is stiffened by 
10 profiles type HEA 100. 
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4.3. Effect of the number of the stiffener profiles 
 
Stiffening of the riser using profiles has been done so far 
considering only the degree of deformation of the 
structures and the geometry of the profiles. In this 
section, we study the influence of the number of profiles 
on the final buckling load on deformed and stiffened 
cylinders. Figure 12 shows the normalized ultimate 
buckling load for Model 8 stiffened by 5, 10, 15 and 20 
commercial profiles type HEA 160. 
 
 
Figure 12. Influence of the number of profiles on the 
ultimate buckling load of Model 8. 
Table 8. Influence of the number of commercial profiles 
on the ultimate buckling load of Model 8 
Number of profiles 𝒒
𝒒𝒄
 
% load increment 
Unstiffened 0.56 0 
5 0.57 1.79 
10 0.59 5.35 
15 0.62 10.71 
20 0.68 21.43 
 
The results shown in Figure 12 and Table 8 indicate that 
the ultimate load for stiffened cylinders highly depends 
on the number of structural elements used to increase 
their stiffness. Placing 5 profiles increases the ultimate 
buckling load by 1.79%, while 20 profiles increase the 
ultimate buckling load by 21.43%. 
 
4.4. Effect of the buckling mode 
 
The effect of the shape of the initial geometrical defect in 
the ultimate buckling load of stiffened cylinders is 
investigated, maintaining a constant amplitude of the 
deformation of one inch. We consider the stiffened 
models with 10 and 20 profiles type HEA 180, with 
imperfections resulting from the first three buckling 
modes of the structures, as shown in Figure 13. 
 
The effect of varying the shape of the initial 
imperfections present in the stiffened cylinders is shown 
for the first three buckling modes in Figure 14. 
 
The curves obtained for the cylinders with and without 
stiffeners present a very similar response. Each curve 
describes a linear behavior and, as the load increases, the 
displacement increases until reaching the ultimate 
buckling load. The ultimate load values for the different 
buckling modes of Model 4 and Model 11 are shown in 
Table 9 and Table 10. The results indicate that the first 
buckling mode does not necessarily induce the lowest 
ultimate load on the cylindrical structure. From the 12 
cases analyzed, the third buckling mode leads to 
obtaining the lowest ultimate buckling load in models 4, 
6 and 9. 
 
(a) 10 stiffeners. 
 
(b) 20 stiffeners. 
Figure 13. Shape mode for model 8. 
 
Table 9. Normalized ultimate buckling load 
𝑞
𝑞𝑐
 for 
Model 4 
Buckling 
mode 
Unstiffened 10 
profiles 
20 
profiles 
1 0.2 0.38 0.59 
2 0.19 0.3 0.5 
3 0.21 0.25 0.43 
 
Table 10. Normalized ultimate buckling load 
𝑞
𝑞𝑐
 for 
Model 11 
Buckling 
mode 
Unstiffened 10 
profiles 
20 
profiles 
1 0.47 0.38 0.5 
2 0.39 0.43 0.49 
3 0.42 0.49 0.53 
0
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Figure 14. Ultimate buckling load for model 10: (a) 
Mode 1; (b) Mode 2; and (c) Mode 3. 
 
In Table 11 we compare the results of the ultimate load 
for Model 12. It is observed that for a certain number of 
profiles, the longitudinal stiffeners provide different 
levels of increase of the ultimate load, by varying the 
shape of the geometric imperfection in the cylinders. For 
the case of model 12, with an initial deformation of 0.025 
m (1 in), stiffening the cylinder with 10 profiles increases 
the ultimate load in a range of 4.76% to 12.5%, while for 
the alternative of the 20 profiles, this load rises between 
32.43% to 45%. These increments of the ultimate load 
depend on the buckling mode that is considered as 
imperfection. 
Table 11. Normalized ultimate buckling load 
𝑞
𝑞𝑐
 for 
Model 12 
Buckl
ing 
mode 
Unstiff
ened 
10 
profi
les 
% 
incre
ment 
20 
profi
les 
% 
incre
ment 
1 0.42 0.44 4.76 0.6 42.86 
2 0.4 0.45 12.5 0.58 45 
3 0.37 0.41 10.81 0.49 32.43 
 
4.5. Effect of the temperature 
 
The effect of temperature was studied by varying the 
modulus of elasticity and the stress-strain curve. The 
evaluation was made from the analytical models 
developed for the nonlinear analysis, adjusting the 
properties according to the temperature that was being 
considered. A compendium of these results is shown in 
Table 12. It is observed that, in general, each of the 
curves presents a similar behavior, that is, as the 
temperature increases, the ultimate buckling load is 
reduced. This reduction occurs in accordance with the 
decrease in the modulus of elasticity of the ASTM 240 
type 304H material. 
 
Table 13 shows the percentage of decrease in the ultimate 
buckling load for different temperatures. It can be 
observed that the variation of the ultimate load with 
respect to temperature is within a very specific range, so 
for a temperature increase of 593 ºC to 649 ºC the 
ultimate load decreases within 1, 92% to 4.35%, from 
593 ºC to 704 ºC within 4% to 6.52%, from 593 °C to 760 
°C within 8% to 10.87%, finally, if the temperature of the 
material changes from 593 °C at 816 °C the decrease is 
within 12% to 17.39%. 
 
Table 12. Influence of temperature on the ultimate 
buckling load 
𝑞
𝑞𝑐
 
Model 593 
ºC 
649 
ºC 
704 
ºC 
760 
ºC 
816 
ºC 
1 0.48 0.47 0.46 0.44 0.41 
2 0.47 0.46 0.45 0.43 0.4 
3 0.45 0.44 0.43 0.41 0.39 
4 0.44 0.43 0.42 0.4 0.38 
5 0.52 0.51 0.49 0.47 0.44 
6 0.5 0.49 0.48 0.46 0.44 
7 0.49 0.48 0.47 0.45 0.43 
8 0.48 0.47 0.45 0.43 0.4 
9 0.48 0.47 0.46 0.44 0.41 
10 0.46 0.45 0.44 0.42 0.39 
11 0.46 0.44 0.43 0.41 0.38 
12 0.44 0.43 0.42 0.4 0.38 
 
Table 13. Percentage of decrease in the ultimate load 
𝑞
𝑞𝑐
 
Model 649 ºC 704 ºC 760 ºC 816 ºC 
1 2.08 4.17 8.33 14.58 
2 2.13 4.26 8.51 14.89 
3 2.22 4.44 8.89 13.33 
4 2.27 4.55 9.09 13.64 
5 1.92 5.77 9.62 15.38 
6 2.00 4.00 8.00 12.00 
7 2.04 4.08 8.16 12.24 
8 2.08 6.25 10.42 16.67 
9 2.08 4.17 8.33 14.58 
10 2.17 4.35 8.70 15.22 
11 4.35 6.52 10.87 17.39 
12 2.27 4.55 9.09 13.64 
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5. Conclusions 
 
In the present work, we studied the behavior of buckling 
in risers subjected to axial compression. We studied a 
series of parameters that can be used as a reference for 
the selection of profiles to stiffen a cylindrical structure. 
The risers were considered as a thin-walled cylindrical 
element with initial imperfections that presented 
different shapes and amplitudes. The methodology used 
was to determine, by linear analysis, the load and shape 
of the first three buckling modes of the structures. Then, 
these modes were used as geometric imperfections in a 
nonlinear analysis for the study of the ultimate strength 
of cylinders stiffened under different configurations. 
Finally, the effect of the temperature in the elastoplastic 
properties of the material ASTM 240 type 304H was 
studied. The deformations found in the risers allow 
establishing measures to increase the strength of the 
cylindrical elements. Based on the presented analyses 
and results, the following conclusions can be drawn: 
 
 When imperfections are modeled in the form of 
buckling modes for cylinders, with geometric 
relationships between 200 ≤
𝐷𝑜
𝑡
≤ 400 and 1 ≤
𝐻
𝐷𝑜
≤ 4, 
the elements exhibit a typical behavior. They are linear at 
first and, as the load increases, the vertical displacements 
also increase until each one reaches the ultimate load. 
This ultimate load is significantly influenced by the 
buckling mode. For the first three buckling modes, the 
ultimate load varies by up to 25%. It was determined that 
the first buckling mode does not necessarily produce the 
greatest decrease in the ultimate load. 
 The amplitude of the deformation significantly 
affects the ultimate load on stiffened cylinders. For 
amplitudes between 6.35 mm ≤ 𝑤 ≤ 50.80 mm a 
decrease in the ultimate load was found within 8.5% to 
46%. The increase of these initial deformations produced 
a significant decrease in the post-ultimate load capacity 
in the cylindrical elements with imperfections greater 
than 0.045 m. 
 The use of longitudinal stiffeners in deformed 
cylinders increases the strength to buckling in 
percentages that vary according to the cross-section of 
the profiles. We obtained an increase in the ultimate load 
from 4%, for the smallest profile (HEA type 100), to 
29%, for the larger profile (HEA type 220). 
 The ultimate load of stiffened cylinders is 
significantly influenced by the number of structural 
elements used. The results indicate that when the number 
of longitudinal stiffeners is not enough, increments of 
only 1.79% are obtained, while for other cases, the 
ultimate load increased up to 21.43%. 
 By varying the temperature of the ASTM 240 type 
304H material within the temperature range 593 ºC ≤
𝑇 ≤ 816 ºC, we observed a reduction in the ultimate 
buckling load. This reduction is in agreement with the 
decrease of the modulus of elasticity of the material. We 
observed a percent decrease up to 17.39% when reaching 
816 ºC. 
 The values obtained for the different parameters can 
be used as guides during the repairs in the unscheduled 
stops of the risers in the oil refinery industry. The 
presented results have a wide range of applicability since 
they consider various geometries and temperatures of the 
material. It is expected that these results can translate into 
significant savings in repair time, which is important 
considering that an oil refinery can process between 
25,000 to 40,000 barrels of gasoline per day. 
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